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and	 temporal	 scales.	 Disentangling	 individual	 and	 interacting	 effects	 of	 these	
stressors,	and	understanding	their	impact	at	the	individual,	colony	and	population	
level	are	a	challenge	for	systems	ecology.	Empirical	testing	of	all	combinations	and	
contexts	 is	 not	 feasible.	 A	 mechanistic	 multilevel	 systems	 model	 (individual-	













shows	 that	 the	 complex	 feedback	mechanisms	 captured	 in	 this	 model	 predict	
higher	colony	resilience	to	stress	than	suggested	by	a	previous,	simpler	model.
5.	 Synthesis and applications.	The	Bumble-	BEEHAVE	model	represents	a	significant	
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1  | INTRODUC TION
World-	wide	 declines	 in	 pollinators,	 including	 bumblebees,	 are	 at-
tributed	 to	 the	 chronic	 exposure	 of	 populations	 to	 a	 multitude	 of	
stressors	 such	 as	 habitat	 loss	 and	 resource	 availability,	 emerging	
viruses	 and	 parasites,	 exposure	 to	 pesticides,	 and	 climate	 change	
operating	at	various	spatial	and	temporal	scales	(Baude	et	al.,	2016;	
Goulson,	2015;	 IPBES,	2016;	Kerr	et	al.,	2015;	Williams	&	Osborne,	















bumblebee	colonies	 is	 largely	 infeasible	 (Becher,	Osborne,	Thorbek,	








(Banks	 et	al.,	 2017;	 Bryden,	 Gill,	 Mitton,	 Raine,	 &	 Jansen,	 2013;	
Cresswell,	 2017;	 Crone	 &	Williams,	 2016;	 Häussler,	 Sahlin,	 Baey,	
Smith,	 &	 Clough,	 2017;	 Olsson,	 Bolin,	 Smith,	 &	 Lonsdorf,	 2015).	





















pollen	 sources	 can	 be	 approximated	 from	maps	with	 the	 intention	
of	 predicting	 the	 effects	 of	 multifactorial	 stressors	 on	 bumblebee	







behaviour	 is	determined	by	 stimuli	 and	 thresholds	 that	 scale	up	 to	
colony-	and	population-	level	processes.	Bumble-	BEEHAVE	is	built	on	
empirical	 data	 describing	 colony	 dynamics	 and	 foraging	 in	 realistic	







2  | MATERIAL S AND METHODS
2.1 | The Bumble-BEEHAVE model
Here	 we	 provide	 a	 condensed	 overview	 of	 the	 Bumble-	BEEHAVE	
model.	 The	 Supporting	 Information	 provides	 the	 complete,	 detailed	
description	 of	 the	model,	 following	 the	Overview,	Design	 concepts,	
Details	 (ODD)	protocol	 (Grimm	et	al.,	2006,	2010),	 the	scheduling	of	
the	 procedures,	 lists	 of	 all	 variables,	 full	 explanation	 and	 references	
used	for	parameterisation	(Appendix	S03),	and	a	user	manual	(Appendix	
S02).	Bumble-BEEHAVE	itself	is	available	in	Appendix	S01	and	free	to	
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form	 different	 tasks	 of	 various	 durations.	 The	modelled	 landscape	
comprises	 a	 number	 of	 food	 sources,	 seasonally	 providing	 nectar	
and	pollen	of	varying	quality	and	quantity	and	can	be	created	using	
the	 BEEHAVE	 landscape	 module	 BEESCOUT	 (Becher	 et	al.,	 2016).	
Weather	 is	not	explicitly	 implemented	 in	 the	model	but	 it	 is	 repre-
sented	by	 specifying	 the	daily	 allowance	of	 foraging	hours	 (i.e.	 the	
maximal	time	foragers	can	spend	every	day	on	foraging).	Furthermore,	






Each	 “bumblebee”	 in	 the	model	 represents	 either	 a	 single	 individ-
ual	or	a	1-	day	age	cohort.	Adult	queens	are	always	implemented	as	
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queens	need	to	find	a	nest	site	in	a	suitable	habitat,	which	can	take	
several	days.	If	they	are	successful,	they	collect	and	store	nectar	and	





stimuli	 in	 the	 colony	and	 individual	 thresholds	 (See	Appendix	S03	
ODD:	p.	14—Tasks	and	activities;	p.	76—ActivityProc)	for	each	of	the	
three	main	tasks:
1. Egg	 laying:	 eggs	 are	 produced	 in	 batches	 (e.g.	 B. terrestris	 lays	
12)	 and	 can	 be	 male	 or	 female,	 with	 female	 brood	 either	


































of	 the	 colony	 development,	 female	 larvae	 develop	 into	 workers,	






As	soon	as	young	queens	have	developed	 into	adults,	 they	 leave	
their	mother’s	colony	and	mate	with	an	adult	male.	They	then	go	into	hi-
bernation	and	will	not	be	active	until	they	emerge	in	the	following	year.
2.6 | Key output of the model and emerging  
patterns
Outputs	and	patterns	can	emerge	at	all	organisational	levels:
1. Individual	 level:	 bee	 activities	 and	 foraging	 decisions	 (when	
and	 where	 to	 go	 in	 the	 landscape,	 which	 plants	 they	 exploit)	
emerge	as	 a	 result	of	 the	needs	of	 a	 colony	and	 the	 resources	







population	 dynamics,	 genetic	 diversity,	 and	 overall	 sex	 ratios	




produced	 males	 and	 queens,	 and	 the	 colony	 densities	 emerge,	


















in	 ArcMap	 (Version	 10.2)	 consisting	 of	 suitable	 nesting	 habitat	 and	
sources	of	pollen	and	nectar.	Polygon	data	from	Land	Cover	Map	2007,	
Ordnance	 Survey	 and	 Google	 Maps	 were	 used	 to	 classify	 habitats	
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that	provided	 suitable	nesting	habitat	 (Appendix	S03,	ODD:	p.	 32—
Searching	 nests)	 and	 floral	 resources	 for	 bumblebees,	 and	 included	








assumed	 to	be	devoid	of	 resources.	These	maps	were	 converted	 to	
Raster	25-	m	grid	cells	and	then	converted	to	Ascii	text	files	to	be	used	
as	map	input	files	for	BEESCOUT	(version	2.0,	Appendix	S05).
The	 habitats	 input	 file	 was	 created	 using	 the	 flower	 species	




































2.9.3 | Empirical testing of the model
We	compared	graphical	outputs	of	Bumble-	BEEHAVE	simulations	with	











To	 illustrate	 the	 applications	of	Bumble-BEEHAVE,	we	determined	
the	number	of	colonies	supported	by	habitats	with	differing	forage	




















3.2 | Empirical testing of the model
3.2.1 | Individual- level comparison
Setting
We	compared	modelled	 individual	 forager	 behaviour	 to	 that	meas-
ured	by	Stelzer	et	al.	(2010)	who	recorded	foraging	trip	duration	for	all	
foraging	flights	of	one	individual.	We	ran	simulations	with	7,500	initial	























empirical	 datasets	 from	 Duchateau	 and	 Velthuis	 (1988)	 and	 Lopez-	





based	 mode	 (Appendix	 S03	 ODD,	 p.	 66—CreateColoniesProc).	
Simulations	ran	for	365	days	with	7,500	replicates	(Appendix	S10).	











Parameter (default value) Description Δ queens Δ males Δ (males/queens)
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produces	 queens,	 switches	 to	 producing	 males	 or	 when	 work-
ers	start	laying	their	own	eggs,	are	approximately	in	the	range	of	
those	reported	in	the	literature	(Table	3),	although	there	is	strong	
variation	 in	 reported	data	 for	experimental	colonies	which	were	
kept	 in	 climate	 rooms	 and	 fed	 supplementary	 pollen	 and	 sugar	
water.	 The	 number	 of	workers	 produced	 in	 the	model	matched	
the	data	from	the	 literature	quite	well	and	the	colony	growth	 in	
model	 showed	a	 similar	pattern	 to	experimental	 colonies	with	a	











We	 compared	 predicted	 nest	 densities	 of	 simulated	 colonies	
of	 B. terrestris	 to	 estimated	 field	 nest	 densities	 (Knight	 et	al.,	
2005).	 Simulations	 (n	=	3)	 started	 with	 7,500	 queens	 and	 ran	 for	
10	years	 in	 the	 realistic	 landscapes	 (Appendix	 S03	 ODD,	 p.	 66—
CreateColoniesProc,	Appendix	S10).












Setting 1: single habitat maps
To	determine	the	number	of	colonies	supported	by	different	habi-
tats,	 an	 artificial,	 single-	patch	 landscape	 was	 simulated,	 starting	





in	 the	 last	year	 (of	 the	simulations	are	shown	 in	Table	4.	The	peak	
nest	densities	(per	ha)	were	0.4	for	grassland,	7.0	for	hedgerows,	3.6	













Setting 2: effects of pesticide exposure
Additionally,	 we	 simulated	 reproduction	 depression	 as	 a	 result	 of	
colony-	level	 pesticide	 exposure.	 Baron,	 Jansen,	 Brown,	 and	 Raine	






























We	 have	 described	 a	 new	 agent-	based	 systems	 model,	 Bumble-	
BEEHAVE,	rich	in	structural	realism	and	mechanism	that	can	be	used	
to	 examine	 the	 effects	 of	 multiple	 stressors	 on	 bumblebee	 colo-
nies	and	populations	over	multiple	years,	 in	 realistic	 landscapes.	 It	
TABLE  3 Results	of	simulations	in	a	realistic	landscape	compared	to	empirical	data	from	literature	(Duchateau	&	Velthuis,	1988;	Gosterit	






























Males	(no.) 21.8	(18.7) E:164.5	(130.4),	L:	70.4	(89.7) 30.1	(28.2)
Queens	(no.) 19.1	(19.1) E:	9.5	(19.1),	L:	55.8	(72.8) 24.8	(15.8)

















In	 addition,	Bumble-BEEHAVE	 is	 the	only	model	 to	our	 knowl-














plicating	 the	 realistic	 spatially	 explicit	 forage	 landscape	 of	 the	
independent	 empirical	 studies,	 we	 were	 unable	 to	 replicate	 all	
absolute	 values	 and	 trends	 in	 the	 empirical	 data.	 Additionally,	
when	we	do	have	 a	 landscape	map	 that	 replicates	 an	 empirical	
landscape,	 this	 is	 a	 simplification	of	 the	 full	 range	of	 resources	
that	pollinators	utilise	in	the	wild.	It	is	vital	for	pollinator	models	
to	 operate	 in	 realistic	 landscapes	 (EFSA,	 2015)	 at	 a	 scale	 rele-
vant	to	bumblebee	ecology	and	to	policy	and	land	management.	
Bumble-BEEHAVE	input	maps	represent	a	5	km	×	5	km	landscape	
covering	 the	 likely	 foraging	 range	of	bumblebees	of	up	 to	2	km	









of	the	colony	via	 individual	behaviours,	 it	 includes	resource	de-
pletion,	and	has	the	potential	to	include	predation,	pathogen	and	
pesticide	exposure	effects.	Importantly,	we	simulated	the	impact	
of	 reproductive	 depression	 caused	by	 a	 pesticide,	 as	measured	
by	Baron	et	al.	(2017).	They	used	a	simple	model	to	predict	that	

















of	 colony	 and	 population	 success	 in	 realistic	 landscapes.
2. Identify	tipping	points	as	a	result	of	multiple	stressors	that	lead	to	
colony	 failures	 as	 well	 as	 the	 feedback	 mechanisms	 that	 can	
buffer	the	effects	of	stressors.












No. hibernating queens No. colonies (peak)
No. million foraging trips  
(% nectar) No. bees
Grassland 399	(197.9) 40.6	(18.7) 3.2	(76) 134,707.8	(24,019.1)
Hedgerows 7455.6	(530.3) 704.25	(54.9) 31.1	(72) 1,467,027.6	(68,561.1)
Scrub 3752.4	(431.8) 361.6	(43.2) 17.2	(73) 795,631.2	(40,067.7)
Woodland 281.4	(211.6) 30.6	(23.9) 2.7	(77) 107,839.2	(34,476.1)





scope	 for	 future	model	 comparison	and	development.	With	 sensi-
tivity	analysis	and	verification,	we	have	demonstrated	that	Bumble-	
BEEHAVE	 makes	 realistic	 predictions,	 and	 thus	 has	 the	 potential	
to	be	a	powerful	decision	support	tool	to	be	used	by	scientists	and	
stakeholders	to	explore	a	range	of	questions	in	bumblebee	ecology	
and	conservation—used	to	aid	 the	design	of	 field	experiments,	 for	
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